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GRAPHICAL USER INTERFACE FOR
SYSTEM DESIGN

FIELD OF THE INVENTION

The present invention relates generally to systems, such as
integrated circuit (“IC”) systems and software systems, and
more particularly to design tools for connecting interfaces
between blocks of a system.

BACKGROUND

Programmable logic devices (PLDs) are a well-known type
of integrated circuit that can be programmed to perform
specified logic functions. One type of PLD, the field program-
mable gate array (FPGA), typically includes an array of pro-
grammable tiles. These programmable tiles can include, for
example, mput/output blocks (IOBs), configurable logic
blocks (CLBs), dedicated random access memory blocks
(BRAM), multipliers, digital signal processing blocks
(DSPs), processors, clock managers, delay lock loops
(DLLs), and so forth.

Each programmable tile typically includes both program-
mable interconnect and programmable logic. The program-
mable interconnect typically includes a large number of inter-
connect lmnes of varying lengths interconnected by
programmable interconnect points (PIPs). The program-
mable logic implements the logic of a user design using
programmable elements that can include, for example, func-
tion generators, registers, arithmetic logic, and so forth.

The programmable interconnect and programmable logic
are typically programmed by loading a stream of configura-
tion data into internal configuration memory cells that define
how the programmable elements are configured. The con-
figuration data can be read from memory (e.g., from an exter-
nal PROM) or written into the FPGA by an external device.
The collective states of the individual memory cells then
determine the function of the FPGA.

The programming used to configure an FPGA or other
PLD 1s often very complex. It 1s common to use a modeling
system to simulate the operation of the programming to
evaluate how a physical FPGA will operate when used 1n a
system, such as a system on a chip (*“SoC”). In some systems,
a PLD terfaces with or includes functional blocks. For
example, an FPGA 1ncludes an embedded processor operat-
ing at a first clock speed, and an I/O interfacing peripheral and
a customized computation peripheral (such as a digital pro-
cessing or 1mage processing filter) operating at a different
clock speed. Multiple simulators are integrated 1nto the mod-
cling system to simulate the different functional blocks. In yet
other instances, the PLD devices themselves are used 1n the
simulation as emulators. In this case, a portion of a design
physically runs on a PLB device while the rest of the design 1s
simulated by the simulators running on a host PC. A modeling
system interface controls the stmulation progress of the soft-
ware simulators or emulation hardware, and exchanges simu-
lation data between them when needed.

System level design requires the ability to quickly connect
and adapt compatible components (blocks) together. Connec-
tions between components are typically made thorough ports
of the components. Conventional design approaches are often
highly 1terative, since one type of port might not be compat-
ible with the type of port on the corresponding component. IC
systems are typically defined as descriptions of components
and ports, wherein data flows and control interactions
between the components are described 1n suificient detail to
accurately model IC system performance 1n an IC simulator

10

15

20

25

30

35

40

45

50

55

60

65

2

(e.g., a dedicated IC design and simulation tool (1.e., a lim-
ited-use type of computer) or a general purpose computer
configured to run IC simulation software and output simu-
lated IC results).

CLick 1s a dataflow language that treats software-based
design elements 1n a software system as a specialized network
and uses modular description language familiar in the field of
networked systems. The concise yet highly detailed syntax
requirements of CLick makes its commands very powertul for
handling packet data tflow. However, an IC system has many
types of ports (as could some software systems). An IC sys-
tem designer needs high familiarity with components to
specily the names of ports and match their types against that
of other ports when forming connections. While CLick 1s a
valuable tool for designing complex systems, additional func-
tionality 1n a system design environment for designing IC
systems and software systems having multiple port types 1s
desirable.

SUMMARY

A design tool for designing a system includes a display
device with a first visualization pane showing a symbolic
representation ol a connection between a first port and a
second port of the system and a second visualization pane
showing an unconnected port of the system. A text entry pane
on the display device shows a textual definition of the con-
nection. An optional status plane shows a textual log of user-
performed actions relating to construction of the system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram of a display device 1llustrating a user
interface 100 according to an embodiment.

FIG. 2 1s a diagram of a display device with an entry pane
1llustrating auto-fill according to an embodiment

FIG. 3 1s adiagram of a status pane according to an embodi-
ment.

FIG. 4 1s a diagram of an IC system design tool according,
to an embodiment.

FIG. 5 1s a flow chart of a method of designing an IC system
according to an embodiment of the mnvention.

FIG. 6 15 a plan view of an FPGA 600 configured as an IC

system designed according to an embodiment.

DETAILED DESCRIPTION

In a conventional design methodology, a user writes a
design based on a top-down design methodology. An abstract
functional description of the system, or a list of system
requirements, 1s decomposed into modules (which are typi-
cally one or more components) according to function. Ele-
ments are selected from a library to implement the system
functions based on the element descriptions. The user
chooses how to connect the elements according to their inter-
faces. The user verifies that the IC system design 1s correct by
compiling the design and running one or more simulations.
An error 1n connecting an interface, or omitting a critical
connection, can cause the simulation to fail and require a
modification of the design.

Extensions have been made to the CLick environment,
which will be referred to as CrickPrus, that provide a lan-
guage for describing a system as a network containing inter-
connect modules. CLick PLus extends CLick-type Tunctionality
to include support for control flow connections to non-soft-
ware elements, such as memories and peripheral devices,
which makes CrLickPrus practical and desirable as a design-
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entry environment for producing hardware solutions (1.e., IC
systems ) incorporating such elements, as are often includes in
an FPGA-based system. Similarly, CrickPrus extends func-
tionality to support control flow connections in software sys-
tems having a number of different port types (e.g., ports other
than packet data tlow ports).

A feature of CrickPrus 1s that 1s has a set of abstract inter-
face types for ports that are grouped according to functional
characteristics, such as a pattern of communication and style
of use. While being very powertul, the set of interface types
complicates the writability of the language because the
designer must keep track of which interface types need to be
connected. A CLickPrus description contains a textual graph
of connected elements with connections between compatible
ports ol various interface types. Keeping track of port com-
patibility 1s important, as failure to do so can result 1n an
incomplete or 1naccurate design.

CrickPrus 1s IC design environment that allows IC system
or software network design engineers connect components
(also known as blocks), which can be software applications,
peripheral devices (e.g., memory), IP cores, and dedicated
(1.e., “burned” silicon) circuits. CLickPLUs uses connection
statements that allow connections between components to be
arbitrarily arranged within the system description (model or
configuration file). However, the flexibility of the description
statements 1mpute user knowledge of not only the type of
connections being made, but also the type and number of
connections (ports) on each component. Failure to account
for a connection or an attribute of a connection can result 1n a
failed system design or stmulation.

Techniques according to embodiments address this prob-
lem by providing real-time assistance to the circuit designer.
One type of assistance 1s to display not only the connections
made to a component, but also the remaining connections
(including connection type) of the components. In a particular
embodiment, a display device, such as a display screen of an
IC design tool, a circuit stmulator, or a general purpose com-
puter programmed to perform one or more embodiments,
displays connections between components 1n one portion of
the display screen, and remaining (1.e., available or required)
connections in another portion of the display screen.

In a further embodiment, the connection type 1s 1dentified
by a shape or color. CLickPLUs allows non-packet interfaces
between components, such as access, compute, notify, and
plain interfaces. An embodiment operating 1n a CrLickPrLus
environment can identify the types of ports (interfaces) using
a corresponding number of symbols, which may be unique
symbols, or use color differentiation to 1dentily port types.
Different embodiments may use different types of ports, for
example, a particular IC system or software system might be
tully defined with five port types and five port type symbols,
while another system 1s fully defined with greater or fewer
port types and port type symbols.

Showing port types 1n a display of a design tool used by a
user to design an IC or software system leads the user to
specily the proper, complete connections between compo-
nents. In a further embodiment, suggestions for connections
between components are automatically made in real time. For
example, 11 the user makes a compute connection to a logic
block of a component, the design tool automatically indicates
that a notily connection may also be required for that com-
ponent. This frees the system designer from keeping track of
the minutiae of each port type, and msures that the detailed
attributes of each interface are correctly matched. Visually
displaying both the connections and available (unconnected)
ports allows the designer to more easily gauge the complete-
ness of his design. The visual emphasis on connected and
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unconnected ports (1.e., on data flow and control tlow) 1s more
eificient than scanning a traditional schematic diagram as the
IC system 1s built-up, because the user must typically scan the
entire diagram to 1dentify the ports still requiring connection.
Embodiments provide a design environment that helps an IC
system designer write a design that 1s more correct and com-
plete by construction.

In a still further embodiment, text descriptions (e.g., classic
CLIcK-type text entries) are displayed 1n a pane (e.g., “CLICK-
PLus pane”) on the screen along with the connections and
unused ports. In a further embodiment, typing aids, such as
auto-completion and syntax checking insure proper and com-
plete entry of the connection descriptions. For example, when
a component 1s selected, a pop-up box showing the unused
ports (including the port type(s)) allows a user to click on the
port he wishes to make a connection to, and the port descrip-
tion 1s automatically entered 1n the CrLickPrus pane.

I. An Exemplary User Interface

FIG. 1 1s a diagram of a display device 1llustrating a user
interface 100 according to an embodiment. The display
device can be a display screen of an IC system design tool or
computer, for example. The display shows four panes: a first
visualization pane 102 showing connections 104, 106
between components 108,110, 112, having ports (interfaces)
114,116, 118, 120; a second visualization pane 122 showing
unconnected ports 123, 124 of a component 110; a text entry
pane 126 wherein port statements 128 (also known as port
descriptions or port definitions) are entered, either by the user
from a keypad or as auto-text by the design tool according to
the type of connection implemented 1n the first visualization
pane 102; and a status pane 130 that shows a log 132 of the
actions the user has performed to construct the system model.
In one example, the user enters a textual definition (e.g., a
CLickPrus port description) 129 of a connection 104, which
gets interpreted into actions that incrementally build the
underlying system model and display the system connections
as they are entered. The design tool automatically checks the
system model against the port information within the library
of elements to determine the compatibility of each connec-
tion.

A pop-up or pull-down window 132 provides a menu of
interface types. In a particular design environment for an
FPGA-based IC system, five types of interfaces were defined,
cach 1dentified by a symbol: 1) packet (which 1s the standard
interface type used in Crick environments) 134, 2) access 136,
3) compute 138, 4) notily 140, and 3) plain 142. Other IC
systems may have more or fewer interface types. Each inter-
face has attributes common to the components associated
with that interface type(s).

In a particular embodiment, specific shapes are chosen to
be associated with each interface type. In this example, packet
interfaces are represented as a circle, access interfaces are
represented as a square, compute interfaces are represented as
a plus sign, notily interfaces are represented as a triangle, and
plain interfaces are represented as a forward slash mark. The
shapes are somewhat arbitrary, with the proviso that the
shapes are easily distinguished from each other. In further or
alternative embodiments, colors (or grayscale 1n a mono-
chrome display system) are used to distinguish interface
types, or inter-face sub-types. In yet other embodiments,
additional features, such as following or preceding modifiers
(e.g., a small circle or a perimeter ring) are added to the basic
interface shape to distinguish a shape type (e.g., whether a
packet interface 1s operating as a receiving or transmitting
port). In yet further embodiments, interfaces or connections
(1.e., arrows) are animated to indicate a special attribute, such
as 1I an interface on a particular element (block) requires
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additional attention, such as connection to another port on the
clement. Animation techniques, such as Piccolo ZUI, avail-
able from the Human Computer Interaction Laboratory of the
University of Maryland, are known to those of skill 1n the art
of computer display techniques.

The visualization panes 102, 122 give an indication of
progress while writing the design as well as an indication of
the overall completeness of the description. A dotted horizon-
tal line 144 separates the ports that have been connected 114,
116,118,120 1n the upper portion 102 from the ports that have
not yet been connected 123, 124 in the lower portion 122. This
way, the user can quickly see what remains by scanning the
ports remaining below the line 144, which 1s more efficient
and complete compared to performing a conventional two-
dimensional scan over a traditional schematic, where a scan
over the entire diagram 1s performed to determine what ports
remain unconnected.

The port symbols for elements appear drawn 1n two col-
umns at the time the user types the instantiation of an element
(see, e.g., FIG. 2); thus, the user 1s provided with a visualiza-
tion of connectivity for the element in real time. The ports are
arranged with inputs in the left column and outputs in the right
column, and separate symbols (e.g., rectangles) for the ele-
ments are omitted, as 1t 1s the connectivity for each element
that 1s of interest. However, alternative embodiments arrange
the displayed elements and ports 1n a different fashion. For
example, an alternative embodiment includes separate sym-
bols for the element.

A small circle 146 1s optionally added to the right or to the
left of each symbol to help indicate whether 1t 1s an input or
output. The sets of ports are drawn 1n columns going leit to
right as elements are instantiated. Each row above the line 144
corresponds to a line of CrickPrus that the user typed in the
entry pane 126. At the time the user forms a connection, port
symbols are moved down into new rows if they are notused 1n
the connection, so that anything unconnected rests below the
horizontal line 144. Symbols that are used 1n the connection
are then connected by arrows 104, 106 and their position 1s
ammated (1f necessary) so that they fit the order from the
connection statement.

Selection of interface types was based on characterizing an
FPGA-based streaming system. This represented a conver-
gence of three paradigms: 1) register transter level (“RTL”)
programming, 2) communications programming, and 3) pro-
cedural programming. Each interface type can be viewed as
embodying a programmed protocol that describes the inter-
module 1nteraction over the interface. The protocols are pro-
grammable 1n the sense that they allow one to describe varia-
tions 1 behavior. A tree of behavioral attributes for each
interface type helps to describe important protocol differ-
ences feature-wise at a high level, eliminating the need for
exhaustive checking of possible protocol state compositions
between communicating modules. The different interface
types form a layered communication model that builds on
functionality at lower layers.

In a particular embodiment, RTL programmed interfaces
form the base layer. A “plain” interface type 1s the basic
fall-back option when selecting an interface type because
plain has no prescribed semantics. The data format of a plain
interface 1s a simple bit-vector. A plain interface type 1s used
where the mterface does not appear to it 1n one of the listed
categories or when the type 1s not specified.

In networking, a key distinction 1s made between connec-
tion-oriented communications and connectionless communi-
cations. In connectionless communication there 1s very low
overhead, and often the sender and receiver are required to be
in synchrony. If the receiver 1s not ready to receive the mes-
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sage, there 1s the risk that 1t might be lost. Connection-ori-
ented transmissions can be viewed as analogous to telephone
networks or ATM networks, where the connection 1s estab-
lished often as a statetul path providing end-to-end service. In
both communication types, the general data messages may be
formatted as a collection of values or symbols, e.g., often
consisting of structured data type.

A “notily” interface type provides the transmission of a
message between two modules, as an atomic data unit, imple-
mented using basic signals as provided by a plain interface
type. A notily interface type signals that some event has
occurred. This 1s 1n the form of some representation of the
event that occurred and may include a datagram description
or identifier for the event. Notily transmissions do not support
flow control.

A “packetstream” type mterface adds support for flow con-
trol and error-handling between the modules. A packetstream
interface 1s appropriate for peer modules that stream datain a
dataflow manner with a stateful context for the duration of the
stream. A packet-type interface 1s used for transierring net-
work datagrams between components, where the packets
have some headers which perhaps come from multiple layers
of protocols. The basic functions are transmit and receive.

“Access” and “compute” interface types are procedural
programming interface types. Access and compute interfaces
are layered on top of the atomic data transiers represented by
a notily interface type. Both protocols have a command
request phase, a wait phase, and a command response phase.
An access type interface provides an interface to read and to
write to stateful storage (e.g., a shared memory).

A compute type interface supports procedure calls to a
procedure implemented in logic or 1n software (for example,
procedures mapped to embedded processors, commonly
referred to as software decelerators). A compute type inter-
tace calls functions from other elements. The functions can
accept some parameters as arguments and return some value
as a result. Together, access and compute 1nterfaces capture
the two fundamental features of procedural programming:
variable accessing and function calling.

The syntax of CLickPrus allows for the 1dentifiers of ports
to contain more than just integer values, particularly for inter-
faces other than packet. An example of this 1s shown 1n the
example CLickPLus description below:

glogE:: GMAC,;

classifier:: Classifier:

web:: Webserver;

protocol:: ProtocolHandler;

glgE—classifier;

classifier [O_ARP I—[0 Jprotocol;

protocol—gigH;

classifier [1_HTTP J—=[O_REQ Jweb;

web [O_OUT J—|1 Jprotocol;

The example above shows that port types do not appear at the
CrickPrus level of description, and instead are specified as
meta-data. Such information would help the reader in this
context to see whether or not the connections are properly
formed. Statements 1n CLicK are independent, thus the order-
ing of connections 1s not necessarily based on the adjacency
of port. Furthermore, some elements may be artificial in terms
of their datatlow, depending on how they are used in a system.
For example, a “protocol wrapper” element can logically
have two separate functions, such as a bi-directional bridge
between two protocols (e.g., A to B, and B to A). In such an
instance, an element might have a connection path that feeds
back to 1tself to perform the reverse direction bridging.

FIG. 2 1s a diagram of a display device 200 with an entry
pane 226 illustrating auto-fill according to an embodiment.
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The entry pane 226 operates in conjunction with the visual-
1zation panes 202, 222 as described above in reference to FIG.
1, and precedes FIG. 1 1n terms of system design. The entry
pane 226 1s a text editor area where the user types in descrip-
tions of interfaces or connections (e.g., ref. num. 234). The
entry pane 226 suggests port names 228, 230 1n a pop-up
context menu 232 as the user 1s typing the element interface
description 234. When the user selects a port from the context
menu (e.g., [O_REQ] web), the text in the description 1s
automatically generated and inserted at the text cursor posi-
tion (Compare, FIG. 1, ref. num. 126). Only unconnected
ports of an element (block) are suggested 1n the pop-up con-
text menu 232, and when the user 1s prompted for a corre-
sponding port on the right hand side of a connection arrow
2236 1n the entry pane 226, the context menu 232 suggests
only ports 228, 230 of the appropniate type. Upon completion
of the connection 1n the entry pane (1.¢., when the user selects
a port from the context menu or otherwise enters the rest of the
connection description), the visualization panes 202, 222 are
automatically updated (compare, FIG. 1, ref. nums. 102,
122).

FIG. 3 1s a diagram of a status pane 130 according to an
embodiment. The status pane 130 provides an activity log that
shows an incremental record of how the user has constructed
the system model. The activity log has statements for each
action; with the number of unconnected ports remaining 1n
the design after each action 1s performed. The status pane 130
1s another place to indicate 11 there are errors detected in the
design with an error or warning message. This 1s also a place
to print summary messages about the library of elements and
also to provide any resource estimates for the design.

II. An Exemplary Design Tool

FI1G. 4 1s a diagram of an IC system design tool 400 accord-
ing to an embodiment. The design tool 400 includes a central
processing umt (CPU) 402, a memory 406, support circuits
404, and an I/O interface 408, typically integrated 1n a com-
puter 409 or similar machine. The support circuits 404 for the
CPU 402 include conventional cache, power supplies, clock
circuits, data registers, and I/O iterfaces, for example. The
I/0 interface 408 may be directly coupled to the memory 406
or coupled through the CPU 402, and may be coupled to auser
input device 414, such as a keyboard, stylus pad, or mouse,
and interface circuitry adapted to recerve and transmit data,
such as CLick-type interface definitions (command strings).
The I/O 1interface 408 1s coupled to a display device 412, such
as a screen or other output device, and a user can 1nput
commands and data through an mput device 414, such as a
keypad, mouse, or stylus for mputting textual descriptions
into an entry pane (see, FIG. 1, ref. num. 122) which are
rendered as a connectivity map (see, FIG. 1, ref. num. 102) on
the display device 412 according to instructions stored in
memory 406. The memory 406 could also store a compiler
used to create a program or configuration file for another
machine (e.g., a different design tool) or the same computer
system that 1s executing the compiler. The display device 412
also shows the remaining unconnected ports (see, FI1G. 1, ref.
num. 114) for elements, which typically have descriptions
stored 1n memory 406. Some embodiments incorporate a
touch-screen that operates as both a display device and as an
iput device.

The memory 406 stores one or more programs or data to

implement one or more embodiments. Although exemplary
embodiments of the mnvention are disclosed as being imple-
mented as a computer executing a software program, those
skilled 1n the art will appreciate that the invention may be
implemented in hardware, software or a combination of hard-
ware and software. Implementations may include anumber of
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processors independently executing various programs and
dedicated hardware, such as application specific integrated
circuits (ASICs).

The design tool 400 may be programmed with an operating,
system, such as OS/2, Java Virtual Machine, 10 Linux,

Solaris, Unix, Windows, Windows95, Windows98, Windows
NT, and Windows2000, WindowsME, or WindowsXDP. At
least a portion of an operating system 1s stored in the memory
406, which may include random access memory, read-only
memory, magneto-resistive read/write memory, optical read/
write memory, cache memory, or magnetic read/write
memory. The memory 406 stores all or a portion of one or
more user mterface definitions 440 according to one or more
embodiments.

In comparison to a system schematic diagram, the higher
levels of abstraction and automatic completion features used
in embodiments 1mprove efficiency and usefulness for IC
system connectivity. Embodiments allow a user to easily con-
nect ports on a system element to the proper number and type
of ports on other system elements.

III. An Exemplary IC System Design

This following listing presents a design example of an
embodiment using CrickPrus. The system here provides
hardware acceleration of time-critical functions needed for
Ethernet operations, administration and maintenance
(“OAM™), as described in the ITU-T Y.1731 and IEEE
802.11ag standards. Fast line rates 1n excess of 1 Gbit/second
use accelerated implementations of functions that had previ-
ously been done 1n software. The example below describes an
implementation of these functions for Y.1731 performance
monitoring and IEEE 802.11ag connectivity fault manage-
ment. The modules used 1n the system were derived from
differing unit design processes.

Program 1 Ethernet OAM: Y.1731 and CFM Example:

. /*Sectionl: Declare element instances™/

. yv1731_classifier_in:: VlanClassifier(“TYPE G”);

. y1731_classifier_out:: VlanClassifier("“TYPE G”);
.yv1731_1n:: OAM_Y1731_In(*TYPE G™);

.yv1731 _out:: OAM_Y1731_Out(*TYPE G™);

. cim_1n:: CheckCem(“TYPE G);

. cim_out:: GenerateCem{(““I'YPE G”);

. preread:: CalcAddress(*“I'YPE G”);

. startl:: Start(*“TYPE VHDL”);

10. finish1:: Fimsh(*TYPE VHDL”);

11. frameReaderl:: FrameReader(“TYPE VHDL”);

12. timerefsl:: TimeRets(*"TYPE VHDL”);

13. contextlDs:: ContextsIldTable(*“TYPE VHDL”);

14. vlanProfiles:: VlanProfileTable(*TYPE VHDL”);

15. melContexts:: MelContextsMem(“TYPE VHDL”);

16. controller:: EmbeddedController(*“TYPE C”);

17.

18.

19. /*Section 2: Main forwarding path™/

20. From Device(LineSide)—[P_in]y1731_classifier_in
|P_out]

21. —=[P_1n]y1731 _1n[P_out]

22. —|P_in]cim_m[P_ out]

23. —=ToDevice(SystemSide);

24.

25.

26.
27.
28.
29.

O ~1 Oy W B I b =

\O

/*Generates CCM Frames™/

start] [N_out]—[N_in]preread[N_out]
—[N_1n]irameReaderl[P_out
—[P_1n|cim_out[P_out]
—[P_1n]y1731_classifier_out[P_out]
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—[P_1in]y1731_out[P_out]
—ToDevice(LineSide);

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44

45.
files;

46.
files;

47.

48.
tIDs;

49,

50.

31.

52. /*Embedded controller connection™/

53. cim_in [C_defects]—=[C_report_detect] controller

The system description 1s organized 1nto three sections. In
the first section, the modules are instantiated. The second
section highlights the main forwarding data paths between
the system-side and line-side network interfaces. The third
section shows inter-module connections with non-streaming
interface types. In the first section, several modules are
instantiated, which include packet processing modules coded
in the G language, auxiliary libraries coded in very high-level
description language (“VHDL”), and a embedded controller
tfunction coded 1n the C language.

For example, line 2 instantiates a new module instance
named “y1731_classifier_in”, from the library class “Vlan-
Classifier”, and with configuration string “T'YPE G” (indicat-
ing that the language that it 1s programmed 1n 1s ). In gen-
cral, the configuration string capability 1s analogous 1in
structural VHDL to the portion of the component instantia-
tion and generic map but without the port map portion. One
use of the programming language 1indication for each module
1s to allow automatic top-down instantiation of complete sys-
tems, by calling sub-tools that process the individual modules
(which are treated as “black boxes™ by the designer).

The second section shows the main forwarding data flow
between the system-side and line-side network interfaces,
cach as a directed pipeline of modules. For example, on line
20, “—" 1s a connection operator, meaning “form a connec-
tion from FromDevice(LineSide) to a streamingpacket inter-
face P_inony1731_classifier_in”. This corresponds to direct
data flow between these two modules and helps to make the
description more readable and hence maintainable, without
the need to draw a block diagram.

Much background information lies behind each arrow in
the Crick description. In particular, there are the details of
attribute values for each interface on the connection, used for
type checking to ensure safe connection between compatible
ports on modules. This information 1s contained 1n a separate
Element Description Language (“EDL”) description for each
type of module included in the design. In one embodiment, an
extension to CLick syntax 1s made to modity port identifiers to
be alphanumeric, whereas original CLick syntax uses only
integer 1dentifiers for ports. Larger changes were made to the

/*Section3: Auxiliary connections™/
/*Resets timer 1f CCM arrives™/
cim_1n[C_request]—[C_request]|finishl;

/*Connections to (e.g.) IEEE 1588 Time Reference™/
y1731_1in[A_time]—=[A_timel Jtimerefs]
y1731_out[A_time]—=[A_time2]timerefs];
startl[A_time|—[A_time3|timerefs];
finish1]|A_time|—[A_time4|timerefs];

/*Connections to Shared Memory/Tables*/
y1731_classifier_in|A_pTbl]—=[A_pTbll]vlanPro-

y1731_classifier_out|A_pTbl]—=[A_pTbl2]vlanPro-

y1731_classifier_in[A_cTbl]—=[A_cTbll]|contextIDs;
y1731_classifier_out|A_cTbl]—[A_cTbl2]contex-

y1731_1n[A_mTbl]—=[A_mTbll jmelContexts;
y1731_out[A_mTbl]—=[A_mTbl2|melContexts;
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semantics of the CLick environment to allow ports to have
other interface types than just streaming-packet, such as in a
CLickPLUs environment.

In the example above, port names include a Hungarian
notation prefix for better readability, to indicate the interface
type as: P=Packet-Stream, A=Access, C=Compute,
N=Notily, and B=Plain. The semantics of the interconnection
arrow between elements has changed from Crick to CLicK-
Prus. In 1ts original form, an interconnection arrow just 1ndi-
cated data flow from one element along the arrow to another.
In CrickPrus, the meaning 1s generalized so that 1t represents
a control relationship, from a master along the arrow to a
target.

In lines 20-23, a packet that arrives on the line-side inter-
face 1s first classified and then forwarded to “yv1731_in” to
perform incoming OAM-related processing. Next, the packet
1s forwarded to “cim_1in" to check for particular defect con-
ditions. Finally, the packet 1s forwarded for output transmis-
sion to the system-side interface. This 1s a full connection-
oriented stream between two end-points. This description
shows clearly a main data flow through the system, at a high
level of abstraction that does not have any confusing imple-
mentation detail. Tools are used to flesh out this detail for the
user, as described in the next section.

In the opposite path, lines 25-31, a time-triggered library
module “start]” sends notily event messages, for example,
every 3.3 ms to pre-read, which calculates the base address
for a frame stored in memory. The base address 1s nserted
into the event message and forwarded to the “frameReader”,
which pulls the frame from memory and forwards 1t on its
output streaming-packet interface. This path illustrates a
more sophisticated use of the iterface types, here where the
system reacts to an event from a timer in order to generate new
activity on a packet stream.

There 1s no mherent notion of time 1n CrLick descriptions,
any such notion deriving from the behavior of specific system
modules. In a CrickPrus library used 1n an embodiment, a set
of programmable time modules provide mechanisms for
starting activities, supplying timestamps, and also timing-out
activities that do not finish by their deadline. In the library,
these modules are respectively named: Start, Stamp, and Fin-
ish. In this design, “startl” 1s used to generate the time-
triggered events for packet generation.

The third section shows other connections that are made,
and these illustrate use of the other, procedural, interface
types. For example, lines 39-42 show connections to an inter-
face for reading timestamps that are added to certain frames.
Lines 44-48 show connections to different lookup tables, and
lines 49-50 to a stateful storage array. These connection
examples are very much like the connections one would
expect to be shown 1n a block diagram.

On line 53, 1f the “cfm_1n” module detects a defect condi-
tion then it reports 1t by making a “report_detfect” function
call to the embedded controller. The compute interface pro-
vides much design abstraction here because in most hardware
description languages one would expect to see an explicit
processor and bus connections to describe the co-design inter-
action. This concisely describes the communication between
the procedure caller and callee, analogous to a network
remote procedure call (RPC). Overall, the various inter-mod-
ule connections indicate the very uniform type of system
description that 1s offered through CrLickPrus. Different mod-
ules with differing 1mplementat10ns (e.g., hardware or soft-
ware) and with differing interfacing are presented 1n a stan-
dard way.

The example description shown above was used in areal IC
system design, both to allow high-level system simulation of
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packet flows through the system by interpretation of the
CrickPrus description, and to enable RTL generation of the

complete system followed by synthesis, place and route for an
FPGA.
IV. An Exemplary Method of Designing an IC System

FIG. 5 15 a tlow chart of a computer-implemented method
500 of designing an IC system according to an embodiment of
the invention. Using a computer, the IC system 1s decom-

posed 1nto a plurality of system elements (also known as
modules or blocks) (step 502), and a library of system e¢le-
ments 1s defined (step 504). Port (interface) instances and
types are defined for at least two of the system elements (step
506). The system element and port definitions are typically
stored as computer-readable instructions 1n a computer-read-
able device or a memory of a computer system or design tool.

A first connection between a first system element and a
second system element 1s entered as a textual description
(step 508). A graphical representation of the first connection
1s displayed 1n a first visualization pane and a graphical rep-
resentation of unconnected ports of at least the first system
clement 1s displayed in a second visualization pane adjacent
to the first visualization pane on a display device of an IC
design tool (step 510). In a particular embodiment, the first
connection 1s displayed as an arrow between the ports. In a
particular embodiment, the connected and unconnected ports
for the first system element are aligned 1n a vertical fashion. In
a Turther embodiment, the connected and unconnected ports
for each system element represented 1in the display are aligned
in a columnar fashion.

In a further embodiment, each type of port 1s represented
by a corresponding type of symbol according to behavioral
attributes of the port types. For example, 1n a system with five
types of ports (e.g., four pre-defined port types and a general
port type being defined by the user), five distinctively differ-
ent symbols are used. In a further embodiment, entering a first
portion of the first connection automatically activates a pop-
up context menu listing the unused ports of the second visu-
alization pane suitable for connection for connection to the
first half. In a yet further embodiment, clicking on one of the
ports in the context menu automatically enters text for
completion of first connection statement, 1.e., automatically
enters text for a remaining portion of the connection state-
ment.
V. An Exemplary IC System

FIG. 6 15 a plan view of an FPGA 600 configured as an IC
system designed according to an embodiment. The FPGA
600 includes CMOS portions 1n several of the functional
blocks, such as in RAM and logic, and is fabricated using a
CMOS fabrication process. The FPGA 1s configured to have
at least one interface 677 between elements (blocks) 676, 678.
In a typical application, there may be several interfaces
between blocks. Similarly, while 1t may be possible to con-
nect two blocks using a single interface, 1t”s more likely that
the user blocks and interface(s) use several CLBs. A typical
CLB has many embedded interconnects, and hence and
embodiments may have many embedded interconnects. One
of ordinary skill in the art of FPGAs will appreciate that the
blocks and interfaces shown in FIG. 6 are simplified for

purposes of illustration.
The FPGA architecture includes a large number of differ-

ent programmable tiles including multi-gigabit transceivers
(MGTs 601), configurable logic blocks (CLBs 602), random
access memory blocks (BRAMs 603), mnput/output blocks
(IOBs 604), configuration and clocking logic (CONFIG/

CLOCKS 605), digital signal processing blocks (DSPs 606),
specialized iput/output blocks (I/0 607) (e.g., configuration
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ports and clock ports), and other programmable logic 608
such as digital clock managers, analog-to-digital converters,
system monitoring logic, and so forth. Some FPGAs also

include dedicated processor blocks (PROC 610).

In some FPGAs, each programmable tile includes a pro-
grammable interconnect element (INT 611) having standard-
1zed connections to and from a corresponding interconnect
clement 1n each adjacent tile. Therefore, the programmable
interconnect elements taken together implement the pro-
grammable interconnect structure for the illustrated FPGA.
The programmable interconnect element (INT 611) also
includes the connections to and from the programmable logic

clement within the same tile, as shown by the examples
included at the top of FIG. 6.

For example, a CLB 602 can include a configurable logic
clement (CLE 612) that can be programmed to implement
user logic plus a single programmable interconnect element
(INT 611). A BRAM 603 can include a BRAM logic element
(BRL 613) 1n addition to one or more programmable inter-
connect elements. Typically, the number of interconnect ele-
ments included 1n a tile depends on the height of the tile. In the
pictured embodiment, a BRAM tile has the same height as
tour CLBs, but other numbers (e.g., five) can also be used. A
DSP tile 606 can include a DSP logic element (DSPL 614) 1n
addition to an appropriate number of programmable intercon-
nect elements. An IOB 604 can include, for example, two
instances of an mput/output logic element (IOL 6135) 1n addi-
tion to one 1nstance of the programmable interconnect ele-
ment (INT 611). As will be clear to those of skill 1n the art, the
actual I/O pads connected, for example, to the 1/O logic
clement 615 are manufactured using metal layered above the
various 1llustrated logic blocks, and typically are not confined
to the area of the mput/output logic element 615. In the
pictured embodiment, a columnar area near the center of the
die (shown shaded 1n FIG. 6) 1s used for configuration, clock,
and other control logic.

Some FPGAs utilizing the architecture illustrated in FIG. 6
include additional logic blocks that disrupt the regular colum-
nar structure making up a large part of the FPGA. The addi-
tional logic blocks can be programmable blocks and/or dedi-

cated logic. For example, the processor block PROC 610
shown 1n FI1G. 6 spans several columns of CLBs and BRAMs.

Note that FIG. 6 1s intended to 1llustrate only an exemplary
FPGA architecture. The numbers of logic blocks 1n a column,
the relative widths of the columns, the number and order of
columns, the types of logic blocks included in the columuns,
the relative sizes of the logic blocks, and the interconnect/
logic implementations included at the top of FI1G. 6 are purely
exemplary. For example, in an actual FPGA more than one
adjacent column of CLBs 1s typlcally included wherever the
CLBs appear, to facilitate the efficient implementation of user
logic.

While the present invention has been described in connec-
tion with specific embodiments, variations of these embodi-
ments will be obvious to those of ordinary skill 1n the art. For
example, although specific embodiments are described 1n
terms of specific IC system design environments and design
tools, alternative embodiments apply. For example, while
exemplary embodiments have been described in a CLick-type
modular description language, alternative embodiments may
use other network description languages. Therefore, the spirit
and scope of the appended claims should not be limited to the
foregoing description.



US 8,121,826 Bl

13

What 1s claimed 1s:

1. A design tool for designing a system, comprising:

a display device displaying a user interface including
a first visualization pane showing a symbolic represen-

tation of a first connection between a first port of a first
clement of the system and a second port of a second
clement of the system as a {irst port symbol, a second
port symbol, and a connector symbol;

a second visualization pane showing a first unconnected
port of the first element of the system as a third port
symbol; and

a text entry pane showing a textual definition of the first
connection.

2. The design tool of claim 1, wherein the system 1s an
integrated circuit system.

3. The design tool of claim 1, wherein the system is a
software system.

4. The design tool of claim 1, further comprising:

a window selectively displayed on the display device pro-
viding a menu of a plurality of interface type symbols
representing a corresponding plurality of interface types
according to behavioral attributes of the interface types.

5. The design tool of claim 4, wherein the plurality of
interface type symbols includes a symbol representing a pre-
defined interface type and a symbol representing a general
interface type.

6. The design tool of claim 4, wherein the plurality of
interface type symbols includes a first symbol representing a
packet interface type, a second symbol representing an access
interface type, a third symbol representing a compute inter-
face type, a fourth symbol representing a notily interface type
and a fifth symbol representing a general interface type.

7. The design tool of claim 6, wherein the general interface
type 1s a user-definable interface type.

8. The design tool of claim 7, wherein a first general inter-
face type 1s defined as a bit-vector.

9. The design tool of claim 1, wherein the third port symbol
of the first element of the system 1s arranged on the displayed
second visualization pane 1n a columnar fashion relative to
the first port symbol of the system.

10. The design tool of claim 1, wherein the first port symbol
1s of a first interface symbol type and the second port symbol
1s of the first interface symbol type.

11. The design tool of claim 1, further comprising a status
pane showing a textual log of user-performed actions relating,
to construction of the system.

12. The design tool of claim 1, wherein the user interface
turther includes a context menu associated with the text entry
pane, the context menu being displayed according to a first
portion of the textual definition being entered into the test
entry pane by a user, the context menu displaying unused
ports compatible for connection to the first portion of the
textual definition.

13. A computer system including memory storing com-
puter-readable mnstructions for configuring the computer sys-
tem to operate as the design tool of claim 1.
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14. A computer-implemented method of designing a sys-
tem, comprising:

providing a library of system elements of the system, the

system elements causing a computer to perform opera-

tions including:

defining interface instantiations for at least two system
clements according to behavioral attributes of inter-
face types 1n a system design tool, the interface types
including at least two interface types;

entering a first text description of a first connection
between a first port of a first element of the system and
a second port of a second element of the system 1nto
the system design tool;

displaying the first text description 1n a text entry pane
on a display device of the system design tool; and then

displaying a first port symbol of a first interface type
representing the first port, a second port symbol of the
first interface type representing the second port, and a
connection symbol between the first port symbol and

the second port symbol 1n a first visualization pane of
the display device, and

displaying a third port symbol representing a third port
of the first element on a second visualization pane of
the display device being adjacent to the first visual-
1zation pane, the third port being a first unconnected
port of the first element.

15. The method of claim 14, wherein the third port symbol
represents a second interface type of the first element and 1s
graphically distinctive from the first port symbol.

16. The method of claim 14, wherein entering a first portion
of the first connection defines a port and activates a context
menu on the display device indicating unconnected ports in
the second visualization pane suitable for connection to the
port.

17. The method of claim 16, wherein the operations further
include:

selecting an unconnected port from the context menu,

wherein a remaining portion of the first connection 1s
automatically entered in the first text description of the
first connection.

18. The method of claim 14, wherein:

the system 1s a field-programmable gate array (“FPGA”)

system,

the first element of the FPGA system has a first plurality of

interface instantiations and the second element of the
FPGA system has a second plurality of interface instan-
tiations, and

cach of the first plurality of interface instantiations and

cach of the second plurality of interface instantiations 1s
displayed 1n combination according to connection status
in the FPGA system on the first visualization pane and
on the second visualization pane.

19. A non-transitory computer-readable device storing
computer-readable instructions, which, when executed by the
computer, perform the method of claim 14.

G ex x = e
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